US009075944B2

a2 United States Patent

Brunner et al.

US 9,075,944 B2
*Jul. 7, 2015

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(60)

(1)

SYSTEM AND METHOD OF PREDICTING
PROBLEMATIC AREAS FOR LITHOGRAPHY
IN A CIRCUIT DESIGN

Applicant: Mentor Graphics Corporation,
Wilsonville, OR (US)

Timothy A. Brunner, Ridgefield, CT
(US); Stephen E. Greco, Lagrangeville,
NY (US); Bernhard R. Liegl, Beacon,
NY (US); Hua Xiang, Ossining, NY
(US)

Inventors:

Assignee: Mentor Graphics Corporation,

Wilsonville, OR (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by O days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 13/928,205

Filed: Jun. 26,2013

Prior Publication Data

US 2013/0286370 Al Oct. 31, 2013

Related U.S. Application Data

Division of application No. 13/517,811, filed on Jun.
14, 2012, now Pat. No. 8,484,586, which is a
continuation of application No. 13/080,148, filed on
Apr. 5, 2011, now Pat. No. 8,239,789, which is a
division of application No. 12/104,585, filed on Apr.
17, 2008, now Pat. No. 8,001,495.

Int. Cl1.
GO6F 17/50 (2006.01)
GO3F 1/00 (2012.01)

GO3F 1736
GO3F 7/20
U.S. CL

CPC

(2012.01)
(2006.01)
(52)
GOGF 17/5045 (2013.01); GO3F 1/144
(2013.01); GO3F 1/36 (2013.01); GO3F 7/705
(2013.01)

(58) Field of Classification Search

CPC . GO6F 17/5045; GOG6F 17/5068; GO6F 1/144;
GOG6F 1/36; GO6F 17/5081; HO1L 27/0207

USPC 716/50, 51, 52, 53, 54, 55, 56

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,475,811 A
4,890,239 A

10/1984 Brunner et al.
12/1989 Ausschnitt et al.

5,300,786 A 4/1994 Brunner et al.
(Continued)
OTHER PUBLICATIONS

Notice of Allowance for U.S. Appl. No. 13/080,148 dated Apr. 16,
2012.

(Continued)

Primary Examiner — Helen Rossoshek
(74) Attorney, Agent, or Firm — Klarquist Sparkman, LL.P

(57) ABSTRACT

A system and method is provided which predicts problematic
areas for lithography in a circuit design, and more specifi-
cally, which uses modeling data from a modeling tool to
accurately predict problematic lithographic areas. The
method includes identifying surface heights of plurality of
tiles of a modeled wafer, and mathematically mimicking a
lithographic tool to determine best planes of focus for expo-
sure for the plurality of'tiles.

14 Claims, 9 Drawing Sheets

Calculate
Plane

N

l

Calculate
Orthogonal
Distances

I

Identify Tiles
bove
a Threshold

]

Identify as

Prone Areas

I

Fix




US 9,075,944 B2
Page 2

(56)

5,325,129
5,415,952
5,448,336
5,502,311
5,532,089
5,646,870
5,655,110
5,675,164
5,805,290
5,914,784
5,948,571
5,952,160
5,953,128
5,965,309
5,976,740
6,004,706
6,027,842
6,048,651
6,114,096
6,130,750
6,277,533
6,317,211
6,320,648
6,436,605
6,476,886
6,541,166
6,563,566
6,576,914
6,686,130
6,697,042
6,746,128
6,842,237
6,844,844
6,862,141
6,879,400
6,884,984
6,891,603
6,901,564
6,944,578
6,950,183
7,053,355
7,095,484
7,155,689

References Cited
U.S. PATENT DOCUMENTS

6/1994 Henry et al.
5/1995 Haruki et al.
9/1995 Shiraishi
3/1996 Imai et al.
7/1996 Adair et al.
7/1997 Kirivokaic et al.
8/1997 Krivokapic et al.
10/1997 Brunner et al.
9/1998 Ausschnitt et al.
6/1999 Ausschnitt et al.
9/1999 Mih et al.
9/1999 Bakeman et al.
9/1999 Ausschnitt et al.
10/1999 Ausschnitt et al.
11/1999 Ausschnitt et al.
12/1999 Ausschnitt et al.
2/2000 Ausschnitt et al.
4/2000 Brunner et al.
9/2000 Mih et al.
10/2000 Ausschnitt et al.
B1 8/2001 Wakamoto et al.
Bl 11/2001 Ausschnitt et al.
Bl 11/2001 Brueck et al.

P i g i g S g g g S s

Bl 8/2002 Angelopoulos et al.

B2  11/2002 Krusius et al.
B2 4/2003 Mansfield et al.
B2 5/2003 Rosenbluth et al.
B2 6/2003 Brunner

B2 2/2004 Hayasaki et al.
B1 2/2004 Cohen et al.

B2 6/2004 Kemp

B2 1/2005 Ausschnitt et al.
Bl 1/2005 Aguttes

B2 3/2005 Olczak

B2 4/2005 Ausschnitt et al.
B2 4/2005 Yeetal.

B2 5/2005 Nishi

B2 5/2005 Stine et al.

B2 9/2005 Bowley et al.
B2 9/2005 Brunner et al.
B2 5/2006 Ye et al.

Bl 8/2006 Fries

B2 12/2006 Pierrat et al.

7,180,586 B2 2/2007 Neumann et al.
7,193,685 B2 3/2007 Miura
7,292,311 B2  11/2007 Kurosawa
7,346,883 B2 3/2008 Keck et al.
7,368,302 B2*  5/2008 Greco .....ccccoovvvvevvervennnnnnn 438/5
7,378,738 B2 5/2008 Brunner et al.
7,416,820 B2 8/2008 Brunner et al.
7,439,001 B2  10/2008 Ausschnitt et al.
7,440,081 B2  10/2008 Gui etal.
7,455,939 B2  11/2008 Brunner et al.
7,473,648 B2 1/2009 Brunner et al.
7,555,157 B2 6/2009 Davidson et al.
7,585,601 B2 9/2009 Brunner et al.
7,633,041 B2  12/2009 Furman et al.
7,705,331 Bl 4/2010 Kirk et al.
7,780,364 B2 8/2010 Raskar et al.
7,817,242 B2* 10/2010 Kawakubo et al. ............. 355/53
7,865,850 Bl 1/2011 Kao et al.
7,900,166 B2 3/2011 Karikat et al.
7,901,864 B2 3/2011 Huang et al.
8,001,495 B2 8/2011 Brunner et al.
8,020,135 B2 9/2011 Fujimura et al.
8,023,102 B2 9/2011 Brunner et al.
8,081,876 B2  12/2011 Dress et al.
8,119,322 B2 2/2012 Brunner et al.
8,122,388 B2 2/2012 Huetal.
8,238,644 B2 8/2012 Brunner et al.
8,239,789 B2 8/2012 Brunner et al.
8,271,910 B2 9/2012 Tirapu-Azpiroz et al.
8,368,890 B2 2/2013 Brunner et al.
8,484,586 B2 7/2013 Brunner et al.
8,582,078 B2  11/2013 Brunner et al.
2006/0009943 Al 1/2006 Keck et al.
2006/0087634 Al 4/2006 Brown et al.
2006/0197930 Al* 9/2006 Kawashimaetal. ... 355/55
2008/0216027 Al 9/2008 White et al.
2009/0031261 Al 1/2009 Smith et al.

OTHER PUBLICATIONS

Ausschnitt et al., “Distinguishing dose, focus, and blur for lithogra-
phy characterization and control,” Proc. SPIE 6520, Optical
Microlithography, 8 pp. (Mar. 2007).

US 7,039,895, 05/2006, White et al. (withdrawn)

* cited by examiner



US 9,075,944 B2

Sheet 1 of 9

Jul. 7, 2015

U.S. Patent

FIG. 1



U.S. Patent Jul. 7, 2015 Sheet 2 of 9 US 9,075,944 B2

HHlumination Source

o ov b

distance from wafer surface to

Best Average focal plane along axis of
iliumination

Focal Plane A

N —

Surface
Height
X direction
FIG. 2
Best Average Hlumination source

Focal Plane l l l l l l l
NS
/

Distance along reticle field

FIG. 3



U.S. Patent Jul. 7, 2015 Sheet 3 of 9 US 9,075,944 B2
10
e X2
! 14
i Processor  [+>0/S i
; 20 |
i Tool ;
5 ~26 16 i
Mask i i
Tool «> i
! 1/0 Memory :
f Interface 22A .
; 24 :
CMP ! !
Modeling  l—i» i ROM | RAM i
Data/Tool E 5

I/0 device
28

Storage System

22B

_________________________________________________________

FIG. 4



US 9,075,944 B2

Sheet 4 of 9

Jul. 7, 2015

U.S. Patent

x 10

XandY axes in mm
Z in microns

x10

<t
<
-

1.335

1.33

1.32

1.31

1.305

2.......4....”..u'.y..n...v...-...‘,..“......A.A...’.,,.A...‘..,.“..‘.“'..,,.........'............”...

T8k

1.6_.“..,..,

| SURRUPRN

0.8-.“,..,........

0'6-..“,...,,.“.

0'4¢‘...H....,

0.2F e

X 10

FIG. 5



U.S. Patent Jul. 7, 2015 Sheet 5 of 9 US 9,075,944 B2

Light Source

Condenser lens

Mask or Reticle

Reticle Field

t <=

Slit scans along the reticle field in the direction
of the arrow

FIG. 6



U.S. Patent Jul. 7, 2015 Sheet 6 of 9 US 9,075,944 B2

Legend

sasamEsmmsRmmEn Exposure 1
— e o s w Exposure 2
— — Exposure 3
— W S— Exposure 4

Reticle Field

4

T =S

....C..Q..‘...l..........'l".'.‘.'..........I.I

FIG. 7



U.S. Patent

Jul. 7, 2015

Sheet 7 of 9

Calculate
Plane

A4

Calculate
Orthogonal
Distances

A 4

Identify Tiles

Above
a Threshold

Identify as
Prone Areas

Fix

FIG. 8

800

US 9,075,944 B2



U.S. Patent Jul. 7, 2015 Sheet 8 of 9 US 9,075,944 B2

e

FIG. 9




U.S. Patent Jul. 7, 2015 Sheet 9 of 9 US 9,075,944 B2

900

940

960

990

985

FIG. 10



US 9,075,944 B2

1
SYSTEM AND METHOD OF PREDICTING
PROBLEMATIC AREAS FOR LITHOGRAPHY
IN A CIRCUIT DESIGN

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a divisional application of U.S.
application Ser. No. 13/517,811, filed Jun. 14, 2012, which is
a continuation application of U.S. application Ser. No.
13/080,148, filed on Apr. 5, 2011, now U.S. Pat. No. 8,239,
789, which is a divisional application of U.S. application Ser.
No. 12/104,585, filed on Apr. 17, 2008, now U.S. Pat. No.
8,001,495, the contents of each are incorporated by reference
herein in their entirety.

FIELD OF THE INVENTION

The present invention generally relates to a system and
method of predicting problematic areas for lithography in a
circuit design, and more specifically, to a system and method
which uses modeling data from a modeling tool to accurately
predict problematic lithographic areas.

BACKGROUND OF THE INVENTION

Today’s complex semiconductor chips can have ten or
more levels of metallization. Since some degree of surface
non-planarity is typically introduced at each level, the surface
non-planarity, in general, will become greater as more metal
levels are fabricated. A three dimensional surface height map
of'one chip is shown in FIG. 1. The map shown in FIG. 1 was
generated using data obtained from a lithography tool prior to
exposure of an upper metal level. The peak of FIG. 1 repre-
sents a surface irregularity, which represents a bad focus area.
It should be recognized though, that other peaks of FIG. 1
may represent irregularities in the surface, but these peaks do
not necessarily represent a bad area of focus as this would
depend on the focal planes used by the lithography tool.

Lithography tools used today expose wafers by scanning a
slit (essentially a long rectangular opening through which
light passes through the reticle, through lens elements, and
onto the wafer) across the reticle field. Using optical or
mechanical sensors, the lithography tool continuously reads
the position of the wafer surface at multiple points within the
slit as it scans, or reads the entire wafer surface prior to
scanning. The tool must choose and expose with a best aver-
age focal plane across the slit.

Previous generation tools, e.g., single stage lithography
tools, measure the surface topography in real time, during the
exposure scan, but newer, multiple stage tools can pre-mea-
sure the entire wafer surface on the “idle” stage prior to the
exposure scan, for increased throughput. The plane of expo-
sure can be moved up and down, and rotated around two axes
in order to achieve the best average focal plane at any par-
ticular instant, which is continually adjusted as the slit scans.

FIGS. 2 and 3 show two dimensional surface profiles, taken
by measuring the surface height along a surface. FIG. 2, in
specific, is a two dimensional surface profile taken by mea-
suring the surface height in a direction over the large surface
“peak” in FIG. 1. (It should be recognized that the profile is
not meant to be an accurate representation of the surface
height data and is provided for illustrative purposes only).
FIG. 2 also shows a two dimensional representation of the
plane, seen on edge, that the lithography tool might choose as
the best average focal plane, if it had to consider only this
single two dimensional profile. As should be understood by
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those of skill in the art, the exposure plane shown by the line
in FIG. 2 can be tilted (in a direction towards and away from
the surface of the paper) in order to provide a better focus for
some points on the surface of the wafer.

Some areas of the photoresist film which cover the wafer
surface at the time of exposure, will inevitably be in better
focus than other areas. For example, point A is obviously
furthest from the best average focal plane (e.g., the distance
along the axis of illumination from the best average focal
plane), and point A will therefore have the worst average
focus, for points along this particular profile. Point B, on the
other hand, should have much better average focus than point
A. Since chip designs can vary widely, an infinite variety of
surface profiles are possible.

The surface topography can be modeled by empirical com-
mercial chemical mechanical polishing (CMP) modeling pro-
grams which take into account the details of the metal pattern
at a particular level and also the underlying topography from
prior levels. In one example, the design data is fed into the
modeling program (after model setup/calibration is per-
formed), and the model output is a surface height above a
reference point, anywhere in the chip design. In this example,
the surface height is the weighted average of the average
copper height and the average dielectric height about a certain
reference point. Typically the copper thickness, dielectric
thickness, and surface height are mapped in terms of square
regions of a specific size (tiles); although, it is understood that
the results can be mapped and viewed in various ways.

However, current modeling cannot accurately predict all of
the areas that will be problematic for lithography. For
example, current methodologies involve simply looking for
high or low points within the CMP modeling surface height
data, without taking into consideration the way in which the
lithography tool decides the focal planes to use as it scans.
More specifically, using the empirical modeling data and
referring back to FIG. 3, the points indicated by the arrows
labeled “C” and “D” which have the same height above some
reference plane, might be considered to be “high” points
along the curve (along the surface profile), at risk of bad focus
(they are higher than most points along the curve). But
because of the way that the lithography tool must select the
best average focal plane (simulated on edge by the line
labeled “Best Average Focal Plane”), the point indicated by
the arrow labeled “C” will be exposed with much better focus
than the point indicated by the arrow labeled “D”. Therefore
surface height alone is not necessarily an accurate indicator of
whether focus will be good or poor. Also, the point indicated
by the arrow labeled “E” is a peak with respect to its imme-
diate surroundings, yet it will be exposed with good focus.
Therefore identification of such local “peaks” or “dips™ is not
necessarily an accurate indicator of whether focus will be
good or poor .

Accordingly, there exists a need in the art to overcome the
deficiencies and limitations described hereinabove.

SUMMARY OF THE INVENTION

In a first aspect of the invention, a method of predicting
problematic areas for lithography comprises identifying sur-
face heights of a plurality of tiles of a modeled wafer; and
mathematically mimicking a lithographic tool to determine
best planes of focus for exposure for the plurality of tiles.

In embodiments, the average distance of the surface
heights of the plurality of fields of exposure for each tile is a
three dimensional representation of the surface texture at a
location on the modeled wafer. The identifying surface
heights determines a three dimensional texture of the mod-
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eled wafer. The identifying is performed by a modeling tool
prior to reticle and wafer fabrication. In further embodiments,
the method predicts an average distance of the surface heights
of'a plurality of fields of exposure for each of the plurality of
tiles. This includes calculating a predetermined number of
focal planes for each tile in a reticle field. Each of the prede-
termined number of focal planes contributes to an equal per-
centage of exposure dose for an entire tile. The predetermined
number of focal planes are used to measure surface irregular-
ity in three dimensions. The predetermined number of focal
planes is different planes of exposure. Each of the plurality of
fields of exposure is calculated to find an average focus offset
by calculating an average distance along an axis of illumina-
tion from a best average focal plane. The method further
comprises identifying tiles with an average focus offset with
a value above a certain specification distance related to a
depth of focus for a lithography process, and providing the
calculated average offset data to a mask tool.

In a further aspect of the invention, a method comprises
calculating a plane which best fits modeled surface height
data for a predetermined number of values within a slit. The
method further comprises calculating a distance along the
axis of illumination distances of each tile within the slit from
the calculated plane. The tiles which are above a certain
specification distance related to a depth of focus are identified
for a lithography process based on the calculated distance
along the axis of illumination.

In yet another aspect of the invention, a computer program
product comprises a computer usable medium having read-
able program code embodied in the medium. The computer
program product includes at least one component to: identify
surface heights of one or more tiles of a modeled wafer; and
mathematically mimicking a lithographic tool to determine
best planes of focus for exposure for the one or more tiles

In still another aspect of the invention, a design structure is
embodied in a machine readable medium for designing,
manufacturing, or testing an integrated circuit. The design
structure comprises: calculating a plane which best fits mod-
eled surface height data for a predetermined number of values
within a slit; calculating a distance along the axis of illumi-
nation distances of each tile within the slit from the calculated
plane; and identifying tiles which are above a certain speci-
fication related to a depth of focus for a lithography process
based on the calculated distance along the axis of illumina-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described in the detailed descrip-
tion which follows, in reference to the noted plurality of
drawings by way of non-limiting examples of exemplary
embodiments of the present invention.

FIG. 1 shows a three dimensional surface map generated by
a lithography tool prior to exposure of an upper metal level;

FIG. 2 shows a two dimensional surface profile, taken by
measuring the surface height in FIG. 1;

FIG. 3 shows a two dimensional surface profile;

FIG. 4 shows an illustrative environment for implementing
features in accordance with aspects of the invention;

FIG. 5 shows a surface model of a wafer using a conven-
tional CMP modeling tool;

FIG. 6 shows an exemplary lithography tool used to expose
wafers by scanning a slit in accordance with the invention;

FIG. 7 shows a flow diagram implementing steps in accor-
dance with the invention;

FIG. 8 is an exemplary illustration of the processes in
accordance with the invention;
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FIG. 9 is an exemplary circuit fabricated using the pro-
cesses of the invention; and

FIG. 10 is a flow diagram of a design process used in
semiconductor design, manufacture, and/or test.

DETAILED DESCRIPTION OF THE INVENTION

The present invention generally relates to a system and
method of predicting problematic areas for lithography in a
circuit design, and more specifically, to a system and method
which uses modeling data from a CMP modeling tool to
accurately predict problematic lithographic areas. In embodi-
ments, the system and method of the invention is configured
to make the predictions prior to the fabrication of the reticles
and/or wafers. In this way, the reticle can be fabricated using
the data obtained thus significantly improving the features
patterned on the wafer by use of the designed reticle. The
predictions can be made using a computing infrastructure, as
discussed in greater detail below.

Tlustrative Environment for Implementing Processes

FIG. 4 shows an illustrative environment 10 for managing
the processes in accordance with the invention. To this extent,
the environment 10 includes a computer infrastructure 12 that
can perform the processes described herein. In particular, the
computer infrastructure 12 includes a computing device 14
that comprises a tool 16, which makes computing device 14
operable to predict problematic areas for lithography in a
circuit design.

In operation, the tool 16 (which may be in the form of
software) uses CMP modeling data to predict areas of poor
focus by mathematically mimicking the way in which a step-
per (lithographic tool) decides the planes of best focus, e.g.,
process described herein. More specifically, the tool 16 will
use the surface heights of the wafer, as modeled by the CMP
modeling tool, and use this surface data to mathematically
mimic the way in which the lithography tool decides its focus
as it scans. This can be done by, for example, taking the
modeling data and predicting an average focus offset for each
field of exposure (all tiles within a slit) in three dimensions.

For example, in operation, the tool calculates a reasonable
number of focal planes, e.g., 10 focal planes, for each tile in
the reticle. In this way, each point (focal plane) would equal a
certain percentage, e.g., 10%, of the exposure dose for the
entire tile. These focal planes are a reflection of the surface
irregularities in three dimensions, i.e., a three dimensional
surface texture of the irregularity. Once each plane of expo-
sure for each desired point in the reticle field is calculated, the
tool 16 finds an average focus offset by calculating the aver-
age distance from the planes to the wafer surface along the
axis of illumination which contribute to its exposure. The
average focus offset can be put into a lithographic model to
determine its importance such as, for example, how the image
can be printed on the wafer. A more rigorous approach can be
to break the exposure into a plurality of different exposures
done in rapid sequence where each is an equal percentage of
the total exposure dose and each with its own unique focus
setting. The modeling can also take into account any known
planarization effects that are due to films that are put onto the
wafer after CMP but prior to lithography. For example, the
films can be permanent films such as insulator films or sacri-
ficial films such as resists.

In embodiments, using the above data, the tool 16 will
identify tiles with an average focus offset (e.g., negative or
positive) with a value above a certain specification distance
related to the depth of focus for the lithography process. Thus,
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even if there is a same distance from the focal point, the tool
16 will identify different offsets which would otherwise con-
tribute to the tool being out of focus. The information calcu-
lated by the tool 16, e.g., offset information, can be used to
design a mask, which is used to fabricate the features on the
wafer. That is, the system and method of the invention can use
the information from the model, calculate offset data, and
provide such offset data to a mask tool. In this way, the tool 16
identifies the problematic areas which can then be used to
make a design change to the reticle. This can include elimi-
nating the surface irregularities of the wafer, e.g., eliminate
the bump of FIG. 1, ensuring that a best focal plane is used
during exposure, or widening lines or moving critical areas to
name just a few design choices.

The computing device 14 includes a processor 20, a
memory 22A, an input/output (1/0) interface 24, and a bus 26.
The memory 22 A can include local memory employed during
actual execution of computer program code, bulk storage, and
cache memories which provide temporary storage of at least
some computer program code in order to reduce the number
of times the computer program code must be retrieved from
bulk storage during execution. The program code implements
the functionality of the tool 16. Further, the computing device
14 is in communication with an external I/O device/resource
28 and a storage system 22B. The external I/O device/re-
source 28 may be keyboards, displays, pointing devices, etc.

In general, the processor 20 executes the computer pro-
gram code, which is stored in memory 22A and/or storage
system 22B. While executing the computer program code, the
processor 20 can read and/or write data to/from memory 22A,
storage system 22B, and/or I/O interface 24. The bus 26
provides a communications link between each of the compo-
nents in the computing device 14. The I/O device 28 can
comprise any device that enables an individual to interact
with the computing device 14 or any device that enables the
computing device 14 to communicate with one or more other
computing devices using any type of communications link.

The computing device 14 can comprise any general pur-
pose computing article of manufacture capable of executing
the computer program code installed thereon (e.g., a personal
computer, server, handheld device, etc.). However, it is under-
stood that the computing device 14 is only representative of
various possible equivalent computing devices that may per-
form the processes described herein. To this extent, in
embodiments, the functionality provided by the computing
device 14 can be implemented by a computing article of
manufacture that includes any combination of general and/or
specific purpose hardware and/or computer program code. In
each embodiment, the program code and hardware can be
created using standard programming and engineering tech-
niques, respectively.

Similarly, the computer infrastructure 12 is only illustra-
tive of various types of computer infrastructures for imple-
menting the invention. For example, in embodiments, the
computer infrastructure 12 comprises two or more computing
devices (e.g., a server cluster) that communicate over any
type of communications link, such as a network, a shared
memory, or the like, to perform the process described herein.
The communications link can comprise any combination of
wired and/or wireless links; any combination of one or more
types of networks (e.g., the Internet, a wide area network, a
local area network, a virtual private network, etc.); and/or
utilize any combination of transmission techniques and pro-
tocols.

CMP Modeling Data and Lithographic Tool

FIG. 5 shows an exemplary surface model of a wafer using
a conventional CMP modeling tool. More specifically, FIG. 5
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6

shows a model of surface heights after M4 processing;
although the model can be generated for any level, e.g., M1
polish, M2 polish, etc. As such, the modeling tool will take
into account the details of the metal pattern at a particular
level and also the underlying topography from prior levels.

By way of explanation, design data of a chip is fed into the
modeling tool (after model setup/calibration is performed),
and the model output is Cu thickness, dielectric thickness
above a reference point, and surface height above a reference
point, anywhere in the chip design. Typically the copper
thickness, dielectric thickness, and surface height are mapped
in terms of square regions of a specific size. In other words,
the design is divided into a grid of squares (tiles) of a certain
size. In implementing the conventional CMP modeling tool,
the average thickness (copper), etc. is predicted for each
individual tile.

The map of FIG. 5 includes the entire wafer field (chip and
kerf (also known as the area between chips, e.g., dicing chan-
nel)). As seen in FIG. 5, there are high and low regions at the
top and bottom of'the field, which correspond to the kerf. It is
not unusual for the kerf to have a different average metal
density across many metal levels than the adjacent chip areas.
There are also some surface height patterns visible within the
chip which are a reflection of the fact that there are certain
arrays or blocks within the chip that have some degree of
pattern regularity. The surface height map of FIG. 5 may be
generated prior to making the reticle or the wafer.

In implementation, the modeling data is used by the tool 16
of'the invention to predict problematic areas (and/or calculate
the best average focal plane for a particular slit to predict an
average focus offset for each point in the reticle field). More
specifically, using the exemplary surface model data of FIG.
5, the tool 16 can predict areas of poor focus by mathemati-
cally mimicking the way in which the lithographic tool
decides planes of best focus. That is, by using the surface
heights of the wafer, as modeled by the CMP modeling pro-
gram, the tool can calculate a number of focal planes, e.g., 10
focal planes, for each tile, and use this calculated data to find
an average focus offset. This average focus offset will repre-
sent an offset in three dimensional space, providing a more
accurate evaluation of focus offset than conventional pro-
cesses which only consider a height above some reference
plane.

FIG. 6 shows a highly illustrative lithography tool used to
expose wafers by scanning a slitin accordance with the inven-
tion. In this example, the lithography tool includes a light
source (lamp or laser) used to project light through a con-
denser lens. The condenser lens directs the light through the
reticle or mask, which contains a pattern that represents the
printed circuit features. The pattern on the mask is transferred
to the wafer, in the reticle field. Using the data calculated by
the tool 16, the exemplary lithography tool can scan along the
reticle field in the direction of the arrow.

Even more specific, FIG. 7 shows an example of imple-
menting the invention. In this example (not to scale), a reticle
field is approximately 26x32 mm. To obtain the average focus
offset for the area in the reticle field represented by area 700,
the processes consider exposing this area with four different
exposures, represented by the four different focal planes
shown as different lines. This area can be representative of a
tile of different dimensions such as, for example, 5x5 microns
or 20x20 microns. Each of these exposures contribute one
fourth of the total exposure dose. Also, each of the planes are
translated with respect to the preceding plane by several mm;
although in practice planes more closely spaced are contem-
plated by the invention and, as such, more than four planes
contributing to the exposure would be provided, e.g., 10
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planes or more. However, for illustrative clarity only four
focal planes are shown; whereas, perhaps 10 focal planes
spaced approximately 1 mm apart (although it should be
understood that the spacing depends on the number of planes
chosen and the slit width), each contributing one tenth of the
exposure dose, would be used in practice. As those of skill in
the art should understand, the more focal planes will provide
a better average focal offset. One consideration, though, is
that the more focal planes would require more computational
time.

Illustrative Processes in Accordance with the
Invention

FIG. 8 shows a flow diagram implementing processes in
accordance with the invention. FIG. 8 may also represent a
high level block diagram implementing the functionality of
the tool 16 shown in FIG. 4. The steps of FIG. 8 may be
implemented and executed from either a server or in a client
server relationship. Additionally, the invention can take the
form of an entirely hardware embodiment, an entirely soft-
ware embodiment or an embodiment containing both hard-
ware and software elements.

In an embodiment, the invention is implemented in soft-
ware, which includes but is not limited to firmware, resident
software, microcode, etc. Furthermore, the invention can take
the form of a computer program product accessible from a
computer-usable or computer-readable medium providing
program code for use by or in connection with a computer or
any instruction execution system. The software and/or com-
puter program product can be implemented in the environ-
ment of FIG. 4, as should be understood and capable of
implementation by those of skill in the art. For the purposes of
this description, a computer-usable or computer readable
medium can be any apparatus that can contain, store, com-
municate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus,
or device. The medium can be an electronic, magnetic, opti-
cal, electromagnetic, infrared, or semiconductor system (or
apparatus or device) or a propagation medium. Examples of a
computer-readable medium include a semiconductor or solid
state memory, magnetic tape, a removable computer diskette,
a random access memory (RAM), a read-only memory
(ROM), a rigid magnetic disk and an optical disk. Current
examples of optical disks include compact disk-read only
memory (CD-ROM), compact disk-read/write (CD-R/W)
and DVD.

Referring back to FIG. 8, at step 800, the surface height
values within a slit are used to calculate the plane which best
fits the surface height data. In embodiments, the processes
will use all of the surface height values from tiles within a slit
to calculate focal planes, alternatively, a predetermined num-
ber of values. The calculating of the planes can be done in
much the same manner as a best straight line is determined to
fit scattered points in two dimensions. For example, standard
methods of determining and/or calculating the plane involve
finding the plane which minimizes the sum of the orthogonal
distances, or the sum of the squares of the orthogonal dis-
tances, from the plane. The act of mathematically calculating
the best planes mimics the lithography tool’s task of deciding
the planes of best focus. The method of calculating the best
planes for the surface data can be customized to more closely
approximate the method in which the lithographic tool selects
the best focal planes.

Atstep 805, the distance from the plane to the wafer surface
along the axis of illumination for each tile is calculated (the
distance can be to the center of each tile, or to the furthest edge
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or corner of each tile). This process repeats for many slits,
along the reticle field. The distances along the axis of illumi-
nation from the tile to each focal plane which exposes it are
then calculated. These distances are essentially focus offsets
for each exposure. An average focus offset may then be cal-
culated for that particular tile. If for example, four focal
planes are used, and the focus offsets for the planes are —0.03
microns, —0.01 microns, +0.01 microns, and +0.02 microns
(negative sign referring to planes below the wafer surface, and
positive sign referring to planes above the wafer surface), then
the average focus offset would be calculated as: the quantity
(=0.03 =0.01 +0.01 +0.02) divided by 4 (the number of focal
planes) , which equals —0.0025 microns. All tiles with an
average focus offset outside of a certain focus range (e.g.,
typically spanning from some negative focus value to a some
positive focus value, with these values related to the depth of
focus for the lithography process) could then be identified as
potentially problematic areas for lithography.

A more rigorous method is to use a sufficiently complex
photolithographic model which could simulate the response
of a resist that is exposed to multiple (perhaps 10 or more)
exposures in quick succession, each exposure using a differ-
ent focus setting, each contributing an equal percentage ofthe
total exposure dose. A sufficiently complex photolitho-
graphic model could also add some additional random com-
ponent of focus latitude to simulate additional nonuniformi-
ties due to irregularities in the lithography tooling, wafer
films, etc. The modeling can also take into account any known
planarization effects that are due to films that are put onto the
wafer after CMP but prior to lithography. The modeled devel-
oped resist images of the design shapes as predicted by the
photolithographic model within each particular tile could
then be examined for potential problem areas.

At step 810, all tiles are then identified which are above a
certain specification distance (related to the depth of focus for
the lithography process) from the mathematical planes. In
embodiments, the identified tiles could be below or above the
planes. At step 815, these tiles are identified as design areas
which will be prone to lithography problems at the subse-
quent lithography levels.

Inembodiments, a more exacting method is to compute, for
each tile, an average focus offset by calculating its average
orthogonal distance from many planes which contribute to its
exposure, and identifying those tiles with an average focus
offset (be it negative or positive) with a value above a certain
specification distance which is related to the depth of focus
for the lithography process. A more rigorous approach can be
to break the exposure into a plurality of different exposures
done in rapid sequence where each is an equal percentage of
the total exposure dose and each with its own unique focus
setting. As noted above, the modeling can also take into
account any known planarization effects that are due to films
that are put onto the watfer after CMP but prior to lithography.

In step 820, the problematic tiles identified are then “fixed”
by changing the reticle design. The fixes can be made by
adjusting metal patterns/densities, in that tile and possibly in
other tiles (including dummy metal fill images), at the level at
which the prediction is done or at one or more of the under-
lying metal levels, and then re-running the check to verify that
the problem tiles have been fixed. In an alternate embodi-
ment, another type of fix is to remove critical images in that
tile (defined as images prone to poor printing when focus is
off by the predicted average amount) at the next level and
possibly at levels above. In this way, such images could be
moved to other tiles with smaller predicted focus offsets. The
critical images could be identified by running a separate litho-
graphic simulation model, using as the nominal focus values
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the average focus offsets for each tile as determined by the
processes described herein, plus a random component of
focus latitude, in embodiments.

Circuit and Design Structure

FIG. 9 is an exemplary circuit fabricated using the pro-
cesses of the invention. This exemplary circuit includes fea-
tures 90 which correspond to the patterns on a reticle,
designed with the information obtained from the tool. The
features will be better defined, compared to conventional
system, as the reticle was in better focus to expose the pattern
thereon, amongst other implementations as discussed herein.

The methods as described above are used in the fabrication
of integrated circuit chips. The resulting integrated circuit
chips can be distributed by the fabricator in raw wafer form
(that is, as a single wafer that has multiple unpackaged chips),
as a bare die, or in a packaged form. In the latter case the chip
is mounted in a single chip package (such as a plastic carrier,
with leads that are affixed to a motherboard or other higher
level carrier) or in a multichip package (such as a ceramic
carrier that has either or both surface interconnections or
buried interconnections). In any case the chip is then inte-
grated with other chips, discrete circuit elements, and/or other
signal processing devices as part of either (a) an intermediate
product, such as a motherboard, or (b) an end product. The
end product can be any product that includes integrated cir-
cuit chips, ranging from toys and other low-end applications
to advanced computer products having a display, a keyboard
or other input device, and a central processor.

FIG. 10 shows a block diagram of an exemplary design
flow 900 used for example, in semiconductor design, manu-
facturing, and/or test. Design flow 900 may vary depending
on the type of IC being designed. For example, a design flow
900 for building an application specific IC (ASIC) may differ
from a design flow 900 for designing a standard component or
from a design from 900 for instantiating the design into a
programmable array, for example a programmable gate array
(PGA) or a field programmable gate array (FPGA) offered by
Altera® Inc. or Xilinx® Inc. Design structure 920 is prefer-
ably an input to a design process 910 and may come from an
1P provider, a core developer, or other design company or may
be generated by the operator of the design flow, or from other
sources. Design structure 920 comprises an embodiment of
the invention as shown in FIG. 9 in the form of schematics or
HDL, a hardware-description language (e.g., Verilog, VHDL,
C, etc.). Design structure 920 may be contained on one or
more machine readable medium. For example, design struc-
ture 920 may be a text file or a graphical representation of an
embodiment of the invention as shown in FIG. 9. Design
process 910 preferably synthesizes (or translates) an embodi-
ment of the invention as shown in FIG. 9 into a netlist 980,
where netlist 980 is, for example, a list of wires, transistors,
logic gates, control circuits, /O, models, etc. that describes
the connections to other elements and circuits in an integrated
circuit design and recorded on at least one of machine read-
able medium. For example, the medium may be a CD, a
compact flash, other flash memory, a packet of data to be sent
via the Internet, or other networking suitable means. The
synthesis may be an iterative process in which netlist 980 is
resynthesized one or more times depending on design speci-
fications and parameters for the circuit.

Design process 910 may include using a variety of inputs;
for example, inputs from library elements 930 which may
house a set of commonly used elements, circuits, and devices,
including models, layouts, and symbolic representations, for
a given manufacturing technology (e.g., different technology
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nodes, 32 nm, 45 nm, 90 nm, etc.), design specifications 940,
characterization data 950, verification data 960, design rules
970, and test data files 985 (which may include test patterns
and other testing information). Design process 910 may fur-
ther include, for example, standard circuit design processes
such as timing analysis, verification, design rule checking,
place and route operations, etc. One of ordinary skill in the art
of integrated circuit design can appreciate the extent of pos-
sible electronic design automation tools and applications
used in design process 910 without deviating from the scope
and spirit of the invention. The design structure of the inven-
tion is not limited to any specific design flow.

Design process 910 preferably translates an embodiment
of'the invention as shown in FIG. 9, along with any additional
integrated circuit design or data (if applicable), into a second
design structure 990. Design structure 990 resides on a stor-
age medium in a data format used for the exchange of layout
data of integrated circuits and/or symbolic data format (e.g.
information stored in a GDSII (GDS2), GL1, OASIS, map
files, or any other suitable format for storing such design
structures). Design structure 990 may comprise information
such as, for example, symbolic data, map files, test data files,
design content files, manufacturing data, layout parameters,
wires, levels of metal, vias, shapes, data for routing through
the manufacturing line, and any other data required by a
semiconductor manufacturer to produce an embodiment of
the invention as shown in FIG. 9. Design structure 990 may
then proceed to a stage 995 where, for example, design struc-
ture 990: proceeds to tape-out, is released to manufacturing, is
released to a mask house, is sent to another design house, is
sent back to the customer, etc.

While the invention has been described in terms of embodi-
ments, those of skill in the art will recognize that the invention
can be practiced with modifications and in the spirit and scope
of'the appended claims.

What is claimed is:

1. A method, comprising:

by a processor:

calculating planes of focus for exposure for one or more
tiles of a modeled wafer that best fits modeled surface
height data for a predetermined number of values
within a slit;

calculating distances of each of the tiles within the slit to
each of the calculated planes along an axis of illumi-
nation;

calculating an average focus offset from the calculated
distances; and

identifying tiles with an average focus offset that is
outside of a certain specification range which is
related to a depth of focus for the lithography process.

2. The method of claim 1, wherein the identified tiles are
identified as design areas which will be prone to lithography
problems at subsequent lithography levels.

3. The method of claim 1, wherein the identified tiles are
fixed by changing a chip design by adjusting at least one of
metal patterns and densities.

4. The method of claim 1, wherein the identified tiles are
fixed by changing a chip design by adjusting at least one of
metal patterns and densities in other tiles at a level at which a
prediction is performed or at one or more underlying metal
levels.

5. The method of claim 1, further comprising repeating the
steps of claim 1.

6. The method of claim 1, wherein critical images are
removed in the identified tiles at a higher level.

7. The method of claim 1, wherein the calculating the
planes comprises finding a plane which minimizes a sum of
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the orthogonal distances or a sum of the squares of the
orthogonal distances from the plane.
8. A memory or storage system storing computer program
code that when executed by a processor, causes the processor
to perform a method, the method comprising:
calculating planes of focus for exposure for one or more
tiles of a modeled wafer that best fits modeled surface
height data for a predetermined number of values within
a slit;

calculating distances of each of the tiles within the slit to
each of the calculated planes along an axis of illumina-
tion;

calculating an average focus offset from the calculated

distances; and

identifying tiles with an average focus offset that is outside

of a certain specification range which is related to a
depth of focus for the lithography process.

9. The memory or storage system of claim 8, wherein the
identified tiles are identified as design areas which will be
prone to lithography problems at subsequent lithography lev-
els.
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10. The memory or storage system of claim 8, wherein the
identified tiles are fixed by changing a chip design by adjust-
ing at least one of metal patterns and densities.

11. The memory or storage system of claim 8, wherein the
identified tiles are fixed by changing a chip design by adjust-
ing at least one of metal patterns and densities in other tiles at
a level at which a prediction is performed or at one or more
underlying metal levels.

12. The memory or storage system of claim 8, wherein the
method further comprises repeating the steps of claim 8.

13. The memory or storage system of claim 8, wherein
critical images are removed in the identified tiles at a higher
level.

14. The memory or storage system of claim 8, wherein the
calculating the planes comprise finding a plane which mini-
mizes a sum of the orthogonal distances or a sum of the
squares of the orthogonal distances from the plane.
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